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The present paper tries to elucidate the electronic structure of the Pt2(L)4,I family of compounds 
in the semi-conducting and metallic phases, using correlated ab initio embedded fragment calcula- 
tions. The usual model associating the different phases with different intra-dimer charge orders, is 
energetically ruled out by our results. A careful analysis of the local low-energy degrees of freedom 
lead us to propose a mechanism associating charge transfer from the iodine 5p z orbital with the 
vibrational degrees of freedom of the dta ligands. It is shown that such a model can account for 
both the XPS and IR experimental results at the phase transition. 



Low-dimensional compounds have attracted a lot of 
interest in both experimental and theoretical communi- 
ties for the last twenty years. Among these, the one- 
dimensional (ID) halogen-bridged transition-metal com- 
plexes exhibit several very peculiar properties which have 
induced a lot of research work. One can cite, for in- 
stance, large third-order non- linear optical properties 0, 
photo-generation and annihilation processes of mid-gap 
states |2(, or intense dichroic inter- valence charge trans- 
fer absorption These systems are perfectly one- 
dimensional, mixed valence and strongly correlated, be- 
ing thus paradigms of strongly interacting ID systems, 
and exhibiting a large number of different phases. The 
nature of the ground state can be controlled not only by 
pressure and temperature but also by chemical substi- 
tution of either transition metal atoms, halogen atoms 
or even counter ions However all the so-called MX 
(M metal, X halogen) systems which have been syn- 
thesized so far are insulators or semi-conductors. Ex- 
tensive works have been done without success, on these 
systems, in order to induce metalization under pres- 
sure Therefore researches have switched focus to- 
ward the synthesis of bi-nuclear [|| (and very recently, 
tctra-nuclear 0) MMX systems. The Pt 2 (dta) i I com- 
plex (dta=dithioacetate=Cff3CS^") has thus become the 
second example (following KCP(Br) 0\) of ID system 
exhibiting metallic transport without involving a it elec- 
tronic system. This system has since then become the 
archetype of a series of similar MMX intriguing com- 
pounds. 

The Pt2(dta)il compound has a neutral chain struc- 
ture consisting of dimeric units [^2(^)4] bridged 
through halides (see figure ^| . From electrical conduc- 
tivity and thermoelectric power measurements H three 
different phases have been identified in the range of tem- 
peratures from 90K to 450K. The system is a semi- 
conductor between 90K and T M s = 300K. From 300K 
to 373K, the system is metallic and then undergoes a 
metal to metal phase transition at Tmm = 373. AK. 

Let us now analyze the electronic structure. A for- 
mal charge analysis leads to the (Pt)^ (dta)^~ I~ charge 
transfer form. Ligand field analysis shows that the Fermi 




FIG. 1: Crystal structure of the Pt2(dta)4l compound at 
298-?^ 0]. One should note that the two PtS4 units of the 
Pt2(dta)4 dimer are twisted from the eclipsed position with 
an average angle of 21°. 

level orbitals are the Pt non-degenerated 5d z 2 orbitals, z 
being the axis of the chains. It results that the low-energy 
physics of the Pbzidta)^ compound can be described as 
a correlated three-quarter filled band supported by the 
platinum bd z 2 orbitals. Such a mixed- valence system can 
be subject to a large number of valence instabilities as- 
sociated with different charge orderings, namely one can 
find 

(A) I-.... Pt 25 +. 1V J I-.... Pt 25 +. 1V J I 

(B) I-.... Pt 2 +. IV'"... I-.... R 2 +. IV'"... I 

(C) I-.... Pt 2 +. IV'"... I ... IV'".. IV'-.... I 

(D) I ... IV".. IV"... I-.... Pt 2 +. IV'-.... I 

Based on several experimental results, different authors 
have tried to interpret the electronic structure of the dif- 
ferent observed phases according to the above charge or- 
derings. 

In the 150 — 300if temperature range, XPS experi- 
ments exhibit two signals associated respectively with 
Ft 2+ and Ft 3+ . Similarly, IR spectra show a doubling 
of the C = S stretching mode upon cooling from the 
metal (M) to the semi-conductor (SC) phase. This dou- 
ble peak has been interpreted as a signature of a double 
valency of the platinum atoms in the SC phase, therefore 
excluding the electronic structure pictured in (A) . As for 
magnetic susceptibility measurements, a slight increase 
is observed upon cooling, below Tms- Kitagawa et al 
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therefore concluded to a zero spin gap and a 4kp-CVW 
Mott-Hubbard ground state for the SC phase, that is 
an electronic structure of type (B). However, it should 
be pointed out that i) the XPS experiments have a very 
short time scale (~ 10 _17 s) and therefore cannot differ- 
entiate between mixed and averaged valencies (as stated 
in references and [? ]), ii) the XPS H 2+ and Pt 3+ sig- 
nals intensities exhibit a 3 to 1 ratio, incompatible with 
any of the above-cited charge orderings. 

The aim of this paper is to analyze the above issue, 
using ab initio quantum chemical calculations. We used 
for this purpose the embedded fragment technique asso- 
ciated with ab initio spectroscopy methods, that is large 
atomic basis sets [l2T | and configurations interaction tech- 
niques dedicated to the accurate evaluation of both tran- 
sitions energies and states wave- functions. More precisely 
we used the Difference Dedicated Configuration Interac- 
tion (DDCI) method [HQ- It this method the or- 
bital space is split into three sets : the occupied or- 
bitals that are always doubly-occupied in the system, 
the active or magnetic orbitals that have fluctuating 
occupation numbers or spins in the ground and excited 
states, the virtual orbitals that are always empty in 
the system. The DDCI method is an exact diagonaliza- 
tion method on a selected configuration space designed 
as follow : 

• all configurations that can be built from the above 
occupation rules, this is the Complete Active Space 
(CAS) which is used as a reference space and cor- 
responds to the support of the model Hamiltonian, 

• then on this CAS, all single excitations and all dou- 
ble excitations participating in the excitation en- 
ergy at the second order of perturbation (that is 
the configurations responsible for the screening ef- 
fects on the interactions within the CAS). 

This approach has been very successful in the quan- 
titative evaluation of quantities such as magnetic cou- 
plings, charge order, spin polarization, etc. both in 
molecular magnetic systems and in stron gly correlated 
materials (see for instance references [Til lid ITtI !. Its 
accuracy can be exemplified on the high-T c supercon- 
ductor Nd 2 CuOi for which the effective exchange cou- 
pling has been computed within experimental accuracy 
(J calc = -126.4meV 16], J exp = -126±5meV 18]). The 
success of these embedded fragment methods in transi- 
tion metal compounds is due i) to the locality of the 
d Fermi electrons responsible for the low-energy proper- 
ties |l9) and ii) to the possibility of using quantum chem- 
ical methods able to accurately treat open-shell problems 
and screening effects. 

The fragment used in the present calculations is com- 
posed of one Pt2(dta)i dimeric unit and its neighbor- 
ing iodine atoms, that is 1 Ft 2 (dta) 4I . Its geometry has 
been extracted from the X-ray structure at room temper- 
ature . This fragment was embedded in a large bath of 



total-ion pseudo-potentials 0] (TIP) and point charges, 
designed in order to account for the Madelung potential 
and the short-range exclusion and exchange effects of the 
rest of the crystal. We have considered the three differ- 
ent possible fillings for the platinum dimer, i.e. (Ft 2 ) 6+ , 
(Ft 2 ) 5+ and (Ft 2 ) A+ involved in the charge orderings (A) 
to (D) — that is (FFt^dta)^) ' 1 '' 2 ' . 

Results on the (Pt2) n+ systems (n = 4, 5, 6) exhibit 
a very low-lying bonding ad = (d z 2(Ftx) + d z 2{Ft 2 )) /N a 
orbital (where 1 and 2 refer to the two Ft atoms of the 
dimer and N„ is the normalization constant) and a Fermi 
level anti-bonding ad* — (d z 2(Fti) — d z 2(Ft 2 )) /N a * or- 
bital. These two orbitals are separated by the (dta)- 
ligand bonding and non-bonding orbitals, as well as all 
the other Ft(5d) orbitals combinations. 

(Pt2) 5+ . The intra-dimer charge localization within 
the (Ft 2 ) 5+ dimer, as pictured in modes (B) and 
(C), necessitates the excitation of an electron from 
the ad orbital toward the ad* one. Indeed, 
V2 \d z iPt 2 )d z 2{Ft 1 )d z 2{Ft 1 )) = \a d a d *a2) + \a d a d *^*~). 
However, the a d — ► a d * excitation requires quite 
large an energy (~ 5eV) and is therefore strongly hin- 
dered. Coherently, we found the electronic density to be 
highly delocalized between the two platinum atoms on 
the (Ft 2 ) 5+ system, despite the twisting of the (dta) lig- 
ands which is usually considered as responsible for intra- 
dimer charge localization Ft 2+ Ft 3+ [2fJ. Indeed, the dif- 
ferential Mulliken population between the two Ft atoms 
is ch(Fti) — ch(Ft 2 ) = 0.02e (in full agreement with our 
periodic mean-field calculations based on the experimen- 
tal crystal structure @ which yield 0.03e). These results 
therefore exclude the possibility of a charge localization 
within the platinum dimer. In conclusion, the descrip- 
tion of the electronic structure of the semi-conducting 
phase as intra-dimer charge ordered (whether following 
the (B) or (C) patterns) is incompatible with ab initio 
calculations. 

From the above results we see that the bonding ad 
orbitals on the (Ft) 2 (dta)± dimers are not pertinent for 
the low-energy physics of the compound. The pertinent 
model should be a half-filled one-band (extended) Hub- 
bard model (EHM) based on the dimer ad* orbitals. Such 
a model would be in agreement with the thermoelectric 
power experiments. The physics of the one-dimensional 
EHM is well known [2l| and unfortunately does not ex- 
hibit any metallic phase for positive one-site repulsion U 
and first neighbor repulsion V . One should therefore in- 
voke other degrees of freedom than the one supported by 
the d z 2 orbitals of the platinum atom in order to under- 
stand the different phases of this compound. 

Let us first examine the low-energy electronic degrees 
of freedom of the (Ft) 2 (dta)± dimer. The first excited 
state of both the (Ft 2 ) 5+ and (Ft 2 ) 6+ dimers is a ligand to 
metal single excitation where a non-bonding tt electron of 
the ligand is excited into the ad* orbital. The computed 
excitation energies are 2.01eV and Q.76eV for the 5+ and 
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6+ systems respectively. 

The low-energy physics will be governed by the energy 
scale of the inter-dimer interactions. Even-though the 
(Pb)2(dta)4 1 (Pb)2(dta)4 system is much too large to be 
investigated using the DDCI methods, the energy scale 
of the inter-dimer interactions can be evaluated using 
qualitative methods. Periodic Hartree-Fock calculations 
yield a band width of 0.79eV. The coulombic repulsion of 
two electrons on the dimer ad* orbital U a * can be roughly 
evaluated by computing 

E ((H 2 ) 4 +) + E ((H 2 ) 6 +) - 2 E ((H 2 ) 5+ ) 

which yields C/ - d * ~ 3.9eV '. It results that the effec- 
tive hopping t between the ad* orbitals of two dimcrs 
should be of the order of magnitude of 0.79/4 ~ 0.2eV, 
while the effective exchange should be of the order of 
At 2 /U* d ~ 0.04eV. These estimations completely scale 
out the possible mobilization of the 2.QleV first state on 
(H 2 ) 5+ . The 0.76eV first state on (H 2 ) 6 + is also ex- 
cluded since it is of a different approximate symmetry 
than the local ground state (tt instead of a) and thus 
cannot couple in a significant way with the low-energy 
band. 

The only other possible electronic degree of freedom in- 
volves the transfer of a 5p z electron of the iodine toward 
the ad* orbital of the dimeric unit. The possible impor- 
tance of such excitations has already been pointed out by 
S. Yamamoto [13 ■ I n order to accurately check their per- 
tinence, one should be able to evaluate the iodine 5p z to 
ad* excitation energy and to compare it to the effective 
transfer integral between these orbitals. Unfortunately 
it is impossible to accurately evaluate these values using 
ab initio methods, since one should be able to compute 
excitations on the I (H) 2 (dta)4 / (H) 2 (dta)4 / system, a 
presently out of reach problem. However, it is possible 
to get a rough estimate of the e ai * — ej orbital energy 
difference between the ad* orbital and the p z orbital of 
the iodine, as well as of the transfer integral between the 
iodine 5p z orbital and the dimer ad* orbital using mean- 
field Hartree-Fock theory. It comes E ad * — e Pz ~ 0.79eV 
and t t T d *,p 2 — 0.56eU. From these parameters it is possi- 
ble to compute, using a simple two-bands tight-binding 
model, the charge transfer from the iodine 5p z orbital to- 
ward the ad* orbital of the dimer. The computed charge 
transfer is quite large with 0.89 electron. The correla- 
tion effects, that are expected to be quite important in 
these systems, will probably reduce this value. However, 
it is reasonable to still expect a significant charge transfer 
between the two orbitals. 

One of the important consequences of such a two-band 
model is that it becomes easy to explain the XPS ex- 
perimental results for the H 2 /(dto)4 compound. Indeed, 
the total charge carried by the platinum atoms is now 
allowed to fluctuate. An average electron transfer of r\, 
from the iodine to the platinum dimer will change the 



average charge of the latter from 2.5 to 2.5 — 77, in con- 
sequence of which the XPS experiments will see 0.5 + 77 
Pt 2+ and 0.5 — 77 Pt 3+ ions. The experimental ratio be- 
tween the Pt 2+ and Pt 3+ signals, which is close to 3 : 1, 
may be understood along this picture with 77 ~ 1/4. Such 
a value corresponds to an electronic structure mixing in 
equal weights, i) the configuration where the iodine is 
always doubly occupied and ii) the set of singly-excited 
determinants where an electron has been transferred from 
an iodine atom toward a platinum dimer. 

We have examined all electronic low energy degrees of 
freedom, let us now examine the effects of the vibrational 
degrees of freedom. One of us (VR) suggested, from ex- 
tended Hiickel calculations, that the internal vibrational 
degrees of freedom of the H 2 (dta)4 dimers — and in par- 
ticular the (dta) torsion modes — must be of importance 
in the electronic structure of the system j^. These vi- 
brational modes are essentially local and independent. 
Thus, they can be associated with optical phonons and 
modeled using Holstein coupling to the electronic Hamil- 
tonian. The system can thus be reasonably represented 
by a two-bands, 3/4-filled, extended Hubbard-Holstein 
model. 

The dta torsion modes expected to be important for 
the Pt2l{dta)i compound are soft modes with low vibra- 
tional frequencies. The phase diagram of the 3/4-filled, 
extendcd-Hubbard Holstein model have been extensively 
studied |23l |. For low frequency vibrational modes, and 
weak to moderate electron-phonon coupling constant, it 
exhibits first a Luttinger liquid phase with renormalized 
parameters, then, for larger coupling, a metallic phase 
characterized by dominant 4A)i?-Charge Density Wave 
(CDW) fluctuations and finally, for intermediate cou- 
pling, an insulating 4/c^-CDW phase, with an exponen- 
tially opening gap. The transition between the different 
phases is controlled by the ratio between the hopping in- 
tegral renormalized by the Franck-Condon factors, and 
the electronic repulsion renormalized by the phonons. 

Starting from the 4/ip-CDW phase, not too far from 
the phase transition, and increasing the temperature, 
one excites the system in vibrational modes of higher 
quantum number and thus the Franck-Condon factors 
increase. Consequently, the effective hopping integral 
increases and the system enters the metallic phase, in 
agreement with the Pt2l(dta)4 transport measurements. 

In this model, the SC phase is characterized as a 4k f- 
CDW, that is a phase presenting a charge alternation one 
unit cell out of two. The H 2 dimers can thus be expected 
to see a charge alternation (H 2 ) 2 - 5 -''+^, (H 2 ) 2 - 5 -''^. 
Such a dimer charge alternation is in agreement with 
the doubling of the C = S vibrational signal seen in IR 
experiments at Tms- 

In conclusion, accurate local ab initio calculations on 
the Pt2{dta)i dimer have called in question the possibil- 
ity of intra-dimer charge localization in the MM X com- 
pounds. Indeed, in the Pt2l(dta)i compound, the two 
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Ft atoms of a dimer are so strongly covalently bonded 
- due to short Ft — Ft distances — that intra-dimer 
charge localization can be considered as impossible. The 
only electronic degree of freedom of the dimers, perti- 
nent for the low-energy physics, is the anti-bonding ad* 
orbital which is delocalized on the two Ft atoms. In con- 
sequence the electronic structure of the different phases of 
the Pt2l(dta)t± compound cannot be understood in terms 
of different patterns of charge localization on the plat- 
inum atoms ((A) to (D)). 

After a careful analysis of the different low-energy de- 
grees of freedom, we have proposed a new model, that 
is able to account for both the ab initio results and the 
experimental ones. This model involves, in addition to 
the ad* dimer orbital, i) the charge transfer excitation 
from the 5p z orbital of the iodine and ii) the vibrational 
degrees of freedom of the dta intra-dimer ligands. Such a 
3/4-filled, two-bands, extended-Hubbard Holstein model 
can account for the phase transition, as well as the XPS 
and IR experimental results. 

Looking now at similar systems, the present conclu- 
sions should hold for analog Ft(RCS-2)iI {Ft =ethyl, 
propyl, butyl) compounds, since, both the intra-dimer 
distances are very similar (ethyl : 2.684A, propyl : 
2.675A to 2.689A, butyl : 2.68A), and the external part 
of the intra-dimer ligand does not seem to p lay an im- 
portant role on the electronic parameters |25|. 

For the (pop) 4 A family, the Ft — Ft distances are 

somewhat larger (~ 2. 8 A) resulting in a smaller bonding- 
antibonding intra-dimer splitting. As a consequence, the 
resistance of the intra-dimer derealization to localizing 
perturbations should be weaker. However, experimental 
data do not exhibit such a localization, except maybe un- 
der large pressures where inter-dimer effects start to com- 
pete |2J] . The pertinence of the charge-transfer degree of 
freedom from the iodine to the dimer is also questionable 
in these systems. Indeed, it is strongly dependent on the 
Ft — Ft and Ft — I distances. A sign that supports the 
hypothesis of the non-relevance of this degree of freedom 
for the pop systems is the 1:1, Ft 2+ /Ft 3+ ratio observed 
in the XPS spectra of the A A {Pt)2{pop) i X compounds. 

We would like to thank D. Maynau for providing us with 
the CASDI codes and N. Guihery for helpful discussions. 
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